The ability of 14 serum biochemical assays to predict the presence of hepatic necrosis induced by carbon tetrachloride (CCI,) (centrilobular necrosis), allyl alcohol (periportal necrosis), and 1 -napththylisothiocyanate (ANIT) (biliary duct necrosis) was evaluated in rats. Results of these assays were analyzed using multivariate discriminant analysis to determine: which assays have the highest predictive value for discriminating between control and treated rats, and which assays would discriminate between rats in the three treatment groups. Individual assays with the highest predictive value for CC1,-induced lesions versus controls were glutamate dehydrogenase (GDH), sorbitol dehydrogenase (SDH), and alanine aminotransferase (ALT). Assays with the highest predictive value for ANIT-induced lesions were GDH, 5'-nucleotidase (5'NT), and ALT. Assays with the highest predictive value for allyl alcohol-induced lesions were an ALThocitrate dehydrogenase (ICD) ratio, GDH, and ALT. Canonical correlation coefficients for each assay ranged from 0.98 to 0.9 1 with 95-1009' 0 correct group membership predictions (treated versus control) provided by each assay. Individual assays were not highly predictive for determining group membership among all three treatment groups. A two assay combination of 5'NT and an ALTIICD ratio provided 100% correct group membership predictions and had high canonical correlations (f, = 0.95, fi = 0.83).
Serum assays have been used for detecting hepatocellular necrosis and cholestasis in domestic animals for years.' The correlation between serum activities of enzymes with different intracellular locations and the morphologic evaluation of hepatic lesions has been poor.8J2 One reason may be the incorrect assumption that cytosol enzymes always leak from damaged hepatocytes first and mitochondria1 enzymes leak later or with more severe damage.6.20 Another explanation may be that inappropriate enzymes were studied.
A more successful effort has been made to discern a biliary or intralobular location for hepatic necrosis using serum enzymes. 1 4~1 8 The heterogeneous distribution of hepatic enzymes within the liver lobule and biliary tract has been recognized for
The clinical importance of the intralobular or biliary distribution of enzymes was demonstrated by the increased diagnostic sensitivity which can be obtained by selecting assays to detect a specific hepatic l e~i o n .~' .~~,~~ Statistical models can be developed to determine which clinical chemistry tests provide the most useful information. 28 Multivariate discriminant analysis is an effective method for determining which tests provide the most diagnostic information in man.23 This statistical method is particularly applicable to situations where large amounts of data must be analyzed and experimental subjects classified into a few well-characterized groups (e.g., affected or ~n a f f e c t e d ) .~~ Multi-variate discriminant analysis has proven to be robust against deviations caused by data not normally distributed or which contain unequal population varia n c e~. '~,~~ Both problems are common in clinical chemistry data.
Our study was designed to determine the extent to which different groups of rats are separable based on the results of serum biochemical assays and how laboratory test results can be efficiently used to classify rats into various treatment (or control) groups using multivariate discriminant analysis.
Materials and Methods
Four groups of 25 male Sprague-Dawley derived rats (Crl: CD @ (SD)BR, Charles River Breeding Laboratories, Wilmington, MA) weighing approximately 300 g were housed two or three per polycarbonate cage with aspen bedding. Cages were kept in a laminar flow cabinet with filter bonnets and a 12 hour photoperiod. A standard laboratory rat chow (Rodent Laboratory Chow 5001, Ralston Purina, St. Louis, MO) and water were provided ad libitum. After a 1 week conditioning period each group of rats was given one of three hepatotoxins suspended in olive oil by intraperitoneal injection, and one control group was given only olive oil. Each toxin was diluted to give the following dose when 3 ml of olive oil was injected: allyl alcohol (Aldridge Chemical, Milwaukee, WI) 40 mg/kg; l -naphthylisothiocyanate (ANIT) 100 mg/kg; and carbon tetrachloride (CCl,) (Sigma Chemical, St. Louis, MO) 350 mglkg. These toxins have been previously used to study specific models of liver necrosis or cholesta-Twenty-four hours post-injection, the rats were anesthetized with an intraperitoneal injection of pentobarbital and bled from the posterior vena cava using a 6 ml syringe and 22 gauge needle. Rats were then euthanized and the livers collected for histopathologic evaluation of distribution and size of hepatic lesions. Data from rats without lesions typical for the toxin and dosage administered were not used in the statistical analysis.
Blood from each rat was allowed to clot at room temperature, was centrifuged and serum was collected. Biochemical analyses were performed within 3 hours or the serum was frozen for later analysis depending on the stability of the enzyme. Each serum sample was analyzed for total bilirubin concentration and activity levels of 13 enzymes. Assays for alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), gamma glutamyltransferase (GGT), amylase (AMY), alkaline phosphatase (ALP), creatine phosphokinase (CPK) (Spinchem Reagents, SmithKline Instruments, Sunnyvale, CA), isocitrate dehydrogenase (ICD), and 5'-nucleotidase (5'NT) (Sigma Chemical, St. Louis, MO) were performed on a centrifugal analyzer (Centrifichem 400, Baker Instruments, Pleasantville, NY) using commercially available reagents. Glutamate dehydrogenase (GDH) and sorbitol dehydrogenase (SDH) were assayed on a centrifugal analyzer using modifications of previously reported methods [GDH: 30 p12-oxoglutarate, 40 pl water, and ADP (1.4 mmol/liter of buffer) substituted for leucine. SDH: buffer strength 0.2 mol/liter, K = 2093].416 Ornithine carbamyl-transferase (OCT) was assayed in duplicate using a manual method.31 Glucose-6-phosphate dehydrogenase (G6PD) (Sigma Chemical, St. Louis, MO) and total bilirubin (BILI) (Jendrassik Bilirubin, American Monitor, Indianapolis, IN) were assayed manually using commercially available reagents. Also included in the statistical analysis were ratios for ALT/ICD, ALT/GDH, and AST/ ALT.
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Statistical Analysis
The data were analyzed using computerized statistical programs for multivariate discriminant analysis and the jackknife classification m e t h~d . '~,~~ Results of all assays were logtransformed prior to analysis to minimize the effect of unequal group variances. To discriminate between rats in the three treatment groups, the best one, two, and three assay models were determined. To discriminate between rats in an individual treatment group and controls, the best individual assays and the best three assay combinations were determined. Assay combinations were selected using a stepwise process which produces an optimal combination of assays. The single assay which best discriminates among the groups is stepped in first, then remaining tests are chosen based on the additional discrimination they provide to assay results already in the model. Thus, redundant and less discriminating assays are not included in the final model.11,25 The stepwise criterion used was based on maximizing the Mahalanobis' distance between the two closest groups.
Results are presented using the canonical correlation coef-ficient (CCC) and the percentage of rats correctly classified (using the jackknife estimation) into the appropriate treatment or control group. The canonical correlation coefficient is a measure of correlation or association between different groups and the discriminant function (the mathematical equation which maximizes the correlation). Interpretation of the canonical correlation coefficient is similar to "Pearson's r, " the linear correlation coefficient.' I The canonical correlation coefficient ranges from zero to one with values closest to one indicating the better model. When more than two groups are present, more than one function will also be present, and each function will have its own canonical correlation coefficient.
The ability of the model to explain the difference between two or more experimental groups may also be expressed as the percent of the total variation explained (PVE) by the model. This value is calculated from the canonical correlation coefficient using the formula (CCC), x 100 = PVE. For example, if the canonical correlation coefficient = 0.90, then the percent of the total variation explained = 8 1%. In models with two functions, the effect of the second function is only on the remaining variation and is additive. For example, if CCC, = 0.90 and CCC, = 0.80, then the percent of the total variation explained would be (0.90)'
The jackknife classification method was used to estimate how accurately rats can be classified into experimental and control groups. Since the same rats were used to create a statistical model and to test its accuracy, a bias was created which may overestimate the discriminatory power of the function. Jackknife estimation of the correct classification reduces this optimistic bias by classifying each rat into a control or treatment group as though it were part of an independent ~t u d y .~J~ The percentage of correctly classified rats is a measure of each function's ability to separate a mixed population of treated or control rats into the appropriate group.
Results
Microscopic analysis of liver sections from treated rats revealed discrete areas of necrosis present in various areas of the lobule or biliary tract. Livers from control rats appeared within normal limits. Livers from rats administered CC1, had a nearly complete and uniform involvement of acinar zone three with coagulative necrosis and mixed mononuclear and polymorphonuclear inflammation. Rats treated with ANIT had acute coagulative necrosis of biliary epithelium with moderate numbers of neutrophils. While most bile ducts were involved, larger ducts were more severely affected than smaller ones. In several rats the inflammation and necrosis breached the limiting plate and spilled into the surrounding lobular parenchyma. A majority of rats treated with ally1 alcohol had a nearly complete and uniform involvement of acinar zone one with coagulative necrosis and neutrophils. In approximately ten other rats the amount of periportal necrosis was more variable. Data from five of these rats were not included in the statistical analysis because there was little or no microscopically apparent periportal necrosis.
The best single assay, 5'NT, was inadequate for accurately classifying a mixed population of toxin treated rats ( Table 1 ). The addition of an ALT/ICD ratio to the statistical model provided enough information to correctly classify all rats and explained most of the variation among the treatment groups (PVE = 98%). Adding a third test to the model resulted in only a minor improvement in the canonical correlation coefficient and percent of the total variation explained over the best two assay model.
Single assay models gave accurate results when predicting the presence of necrosis in individual groups of treated rats versus controls (Tables 2, 3, 4). Only the ally1 alcohol treated group required a multiple test panel for 100% correct group membership predictions versus unaffected controls. Tables 5 and 6 compare other commonly used assays or those with high canonical correlation coefficient results which were not included in the "best" models. Assays not listed in any table gave results with very poor predictive value.
Discussion
Serum biochemical assays have become an important aspect of rodent toxicology studies in recent years. The purpose of this study was to determine if serum biochemical differences could be used to differentiate rats with morphologically distinct liver lesions and to recommend which assays were most discriminating. Multivariate discriminant analysis is an excellent statistical method for identifying the best combination of tests for evaluating toxin-induced lesions in rats. This method has been applied previously to find the best combination of laboratory tests for discriminating between various hepatopathies in ~e o p l e .~~. *~ Multivariate discriminant analysis is a formal pattern recognition process similar to the common intuitive evaluation of laboratory data. 23 The canonical correlation coefficient can be used to compare the value of information provided by each assay and also to determine the relative value of additional tests. An informed decision can then be made about the specific tests to be included in a study based on the degree of precision required, costs, or difficulty of the assay method. Application of multivariate discriminant analysis to clinical veterinary medicine will require the collection of large amounts of precise laboratory and necropsy data with standardized diagnoses in order to generate a model for clinical use.
Developing good models of discrete intralobular hepatocellular or biliary tract necrosis was a prerequisite for our study. Data from treated rats without lesions which are typical for the toxin and dosage administered were not used in order to standardize the biochemical alterations within each group. Reducing the variation within treatment groups increased the precision of the assay recommendations, but the accuracy of group classification results may have been overestimated as a consequence. Further studies will be required to determine how well each model will perform in a more practical situation where severity of the lesions will not be controlled. Using assays or combinations of assays with the highest canonical correlation coefficient values may be required to maintain accurate group classifications when the severity of the lesions is more heterogeneous.
One problem encountered in the development of a specific bile duct lesion using ANIT was the appearance of mild hepatocellular necrosis adjacent to bile ducts. Although ANIT primarily affects biliary epithelium, necrosis of parenchymal cells has also been r e p~r t e d .~J~
Since large amounts of GDH and ALT are found in hepatic parenchymal cells, degeneration of hepatocytes surrounding bile ducts was probably responsible for the strong correlation of ANIT-induced lesions with increased serum activities of GDH and ALT. Among serum biochemical assays which are traditionally used to assess the biliary tract, a little used enzyme, 5'NT, was the best predictor of ANIT-induced lesions ( Table  5 ). More popular tests for assessing the biliary system performed poorly when compared to 5'NT.
A mitochondria1 enzyme, GDH, was shown to be the most sensitive enzyme for predicting the presence of necrosis in any hepatic location. Enzymes located in mitochondria have been reported to leak from damaged hepatocytes before cytosol enzymes, making them more sensitive indicators of necrosis in some circumstances.5s20 However, GDH lacked the specificity re-quired to discriminate among rats with necrosis in biliary or different intralobular locations. Analysis of GDH is also more technically demanding than commonly used tests, such as ALT. Our results show the extra effort required to assay for GDH is probably not worth the modest gain in predictive ability in most circumstances. Previously, serum OCT has been reported to correlate well with histopathologic evidence of necro-s~s .~,~ Serum OCT is a difficult assay to perform and our results do not confirm its value over technically simpler assays ( Table 6 ) .
Enzyme ratios are intended to take advantage of the different concentrations of enzymes in various organs or parts of organs. Enzyme ratios have previously been used in people to increase the diagnostic sensitivity and specificity of enzyme Ratios for ALT/ ICD and AST/ALT appeared to be useful in our models for specific situations. Only in rats with periportal necrosis was an enzyme ratio a better predictor of a specific site of necrosis than an individual assay. Alanine aminotransferase is located primarily in the periportal and mid-zonal regions of the hepatic lobule, and ICD is concentrated in the centrilobular area. Periportal necrosis, therefore, gave a high ALT/ICD ratio. With centrilobular necrosis the ratio was lower because both enzyems were moderately increased.
Serum biochemical differences can be used to accurately classify groups of rats with different hepatic lesions. The number of tests required for this purpose appears to be small, but the predictive accuracy of each individual assay varies with the location of the lesions. More efficient and effective use of serum biochemical tests in the study of toxin-induced hepatic lesions can be achieved by using the most discriminating assays and by eliminating assays which give redundant and less useful information.
